Abstract A comparison study is presented of three methods for evaluating trends in drought frequency: the standardized precipitation index (SPI), the Palmer drought severity index (PDSI), and a new method for estimation of dry spells (DS), which is based on average daily temperature and precipitation, and takes into account the length of a spell. The methods were applied to climate data from 450 stations in the Elbe River basin for the period 1951-2003, as well as data from several stations with longer observed time series. Statistical methods were used to calculate trend lines and evaluate the significance of detected trends. The dry spells estimated with the new method show significant trends in the whole lowland part of the Elbe basin during the last 53 years, and at the 10% level almost everywhere in the German part of the basin excluding mountains and the area around the river mouth. The SPI and PDSI methods also revealed significant trends, but for smaller areas in the lowland. The new DS method provides a useful supplement to other drought indices for the detection of trends in drought frequency. Furthermore, the DS method was able to detect statistically significant trends in areas where the other two methods failed to find significant trends, e.g. in the loess region in the southwest of the German part of the basin, where small insignificant changes in climate can lead to significant changes in water fluxes. This is important, because the loess region is the area within the basin having the highest crop yields. Therefore, additional research has to be done to investigate possible impacts of detected trends on water resources availability, and possible future trends in drought frequency under climate change.
INTRODUCTION
Floods and droughts have always been a matter prime of concern for human populations. Despite significant achievements in science and technology, and success stories in environmental management in the 20th century, people still continue to suffer the consequences of climate hazards worldwide. Severe floods cause damage to settlements, transport networks, and to arable land. Devastating droughts are harmful primarily for agriculture and terrestrial ecosystems, but they can lead to shortages in local water supply, too. In view of the developing issue of climate change, floods and droughts may become more frequent (IPCC, 2007) . Climate change has the potential to increase the frequency of extreme events globally by increasing flood risk in some regions, increasing drought risk in others, and even increasing the occurrence of both floods and droughts in some parts of the world.
Therefore, methods for detecting change in the frequency of hydrological extreme events are needed along with climate change scenarios and climate impact studies. This paper focuses on detection of drought frequency. It presents a comparison study of three methods for evaluating trends in drought frequency: the standardized precipitation index (SPI), the Palmer drought severity index (PDSI), and a new method for estimation of dry spells (DS), which is based on average daily temperature and precipitation and takes into account the length of dry period. The SPI and PDSI methods are widely used for assessment of droughts worldwide. The methods were applied for the Elbe River basin, which is considered to be vulnerable to water stress during dry periods. The objectives were: (a) to introduce and test the new DS method; (b) to compare it with two other widely used methods for investigation of drought trends in application to the Elbe basin; and (c) to investigate drought trends in the Elbe basin during the last 53 years.
For the assessment, climate data from 450 stations for the period 1951-2003 were used (406 in the German and 44 in the Czech part of the basin) along with longer time series of 100-120 years for six stations. Then, statistical methods were applied to evaluate the significance of detected trends. The study is based only on historical climate data. Climate scenarios are not used in this study for evaluation of possible future trends.
STUDY AREA
The Elbe is an international river. Its drainage basin is located in eastern Germany (about two thirds of the drainage area), and the Czech Republic (about one third of the area). The total length of the Elbe River is 1092 km and the drainage basin area is 148 268 km 2 . About 25 million people live in the basin, of whom 76% are in Germany. The largest cities are Berlin (3.47 million), Hamburg (1.71 million), Prague (1.21 million), Leipzig and Dresden (both approx. 0.5 million). Agricultural areas occupy 56% of the drainage basin.
The Elbe basin includes the largest flood-plain forest area in Central Europe: "Flusslandschaft Elbe", which has been protected as a UNESCO biosphere reserve since 1979 and was enlarged in 1997. Many endangered plant and animal species have survived here (beavers, cranes, black storks, white storks). The population of aquatic species in the central reaches is still considerable, and, since 1993, immediate ecological measures for the protection of the habitat structures of the Elbe are undertaken by the International Commission for the Protection of the Elbe (ICPE) established in 1990.
The long-term mean annual precipitation in the basin is 659 mm, and it is even below 500 mm in the lee of the Harz Mountains (western part), where loess soils with high agricultural productivity are located. The long-term mean annual discharge of the Elbe River is 712 m 3 s -1 at the Neu Darchau gauge; the specific discharge is 5.4 L s -1 km -2 , which corresponds to a mean annual runoff of 22.5 × 10 9 m 3 , or 26% of the annual precipitation. The Elbe River basin is classified as the driest among the five largest river basins in Germany (Rhine, Danube, Elbe, Weser and Ems). The per capita water supply in the German part of the basin is only 680 m 3 year -1
, which is much lower than the German average of 2200 m 3 year -1
, and one of the lowest in Europe (Stanners & Bourdeau, 1995) .
The Elbe basin is vulnerable to water stress during dry periods. In general, the German part of the Elbe basin has notably lower average annual precipitation compared to other large river basins in Germany, and most of the area shows negative trends in precipitation in the period 1951-2003, though the trends are mostly not significant (Werner, 2007) . Regarding seasonal precipitation trends in the German part of the Elbe as a whole, a decrease in summer precipitation of about 46 mm on average (13.1%) and an increase in winter precipitation of about 50 mm on average (18.9%) are detected for the period 1950-2000, though the seasonal changes are not evenly distributed over the area (Wechsung et al., 2005) . This trend is statistically significant. The increase in temperature is 0.8 K for the summer season and +1.4 K for the winter season during the same period. For the state of Brandenburg, which overlaps with the central lowland part of the Elbe basin, a notable reduction in precipitation was observed in recent decades: 28% lower in the period 1980-2000, accompanied by 5% increase in potential evapotranspiration (Luckner et al., 2002; Landgraf & Krone, 2002) .
At the end of the 1980s the Elbe was one of the most heavily polluted rivers in Europe (Environmental Policy, 2001, p. 25) . Pollution of surface water and groundwater was caused by the high intensity of water use, discharge of insufficiently treated domestic and industrial wastes, and excessive application of fertilizers and pesticides in agriculture. Even though emissions from point sources have notably decreased in the basin since the 1990s due to reduction of industrial sources and introduction of new and better sewage treatment facilities, the diffuse sources of pollution represented mainly by agriculture are still not sufficiently controlled.
The major water-related problems in the basin are: • vulnerability to water stress in dry periods and related problems for agriculture and water supply in metropolitan areas; and • pollution of surface water and groundwater. Analysis of drought frequency using available climate data is therefore a timely and important task.
METHODS
There exist several methods to measure deviation of precipitation in a certain season or period of time from historically established means. Several drought indices were introduced to measure the intensity and spatial extent of droughts, which can be categorized as follows: precipitation indices, water budget indices, soil moisture indices, and hydrological indices. Among them are: the Palmer drought severity index (PDSI), the percent of normal precipitation (PNP), the standardized precipitation index (SPI), the crop moisture index (CMI), and the surface water supply index (SWSI). Some of the indices are based only on precipitation data, while others also require temperature, available water capacity of soil, and snowpack measurements. The Palmer index is more appropriate for large areas with uniform topography, whereas in mountainous regions it could be supplemented by the SWSI, which takes snowpack measurements into account. A good overview of different drought indices is given by Hayes (http://www.drought.unl.edu/whatis/indices.htm).
The standardized precipitation index
The standardized precipitation index (SPI) was developed by McKee et al. (1993) . This index is based on the long-term precipitation record for a selected location, which is fitted to gamma probability distribution. The latter is transformed to a normal distribution, so that the mean SPI for the period and location is zero, positive values indicate higher than median and negative values lower than median precipitation. The SPI can be calculated for 3-, 6-, 12-and 24-month time scales. This is a meteorological index.
Values of SPI between -1 and -1.49 indicate a moderately dry period, from -1.5 to -1.99 a severely dry period, and values equal or lower that -2 an extremely dry period. The SPI program code is available and can be downloaded from: http://www.drought.unl.edu/monitor/spi/program/spi_program.htm.
The SPI is used operationally to monitor conditions across Colorado State and for the contiguous United States by the National Drought Mitigation Center and the Western Regional Climate Center (WRCC). The maps of the SPI for Colorado are located on the Colorado State University website (http://ulysses.atmos.colostate.edu/SPI.html). The SPI was computed on a long time scale (24 months) for Sicily and the Elbe basin, and the evaluation of time-space variability was performed using principal component analysis (Bordi et al., 2004) . Palmer (1965) developed this index based on the supply-and-demand concept of the water balance equation, taking into account more than just the precipitation deficit, as other indices do. The objective of the Palmer drought severity index (PDSI) was to provide standardized evaluation of soil moisture conditions in such a way that comparisons between locations and between months would be possible (Palmer, 1965) . The PDSI is calculated based on monthly average precipitation and temperature data, and taking into account the local available water content (AWC) of the soil. The method determines all basic components of the water balance, such as evapotranspiration, water recharge, runoff and soil moisture in the surface layer. This is a hydrological index.
The Palmer drought severity index
The monthly PDSI values usually range between -4 and +4, though extreme values lower than -4 and higher that +4 are possible. The values between -2 and -2.99 are classified as a moderate drought, between -3 and -3.99 as a severe drought, and equal to or less than -4 as an extreme drought.
A detailed description of the method may be found in the original research paper (Palmer, 1965) , as well as in Alley (1984) and Karl (1986) . The PDSI program code can be downloaded from http://nadss.unl.edu/downloads/ and http://nadss.unl.edu/PDSIReport/pdsi/cmi.html.
The PDSI has several advantages compared to other drought indices, as it is able to take into account not only meteorological data, but also soil moisture content at a monthly time step, and is applicable at the regional scale. Besides, it allows spatial and temporal representation of historical droughts to be made. Among the limitations of the method, the most important are that it: (a) simplifies soil representation by only two layers, (b) uses the simplified Thornthwaite method for estimating potential evapotranspiration, and (c) ignores precipitation that falls as snow, and snow cover.
The Palmer index has been widely used in many applications worldwide. For example, Briffa et al. (1994) evaluated summer moisture variability across Europe from 1892 until 1991 using the PDSI, and a similar study was done by van der Schrier et al. (2006) using the self-calibrating PDSI. According to the latter study, trends in the continent's summer moisture availability over the region as a whole and over the whole 20th century "failed to be statistically significant in terms of spatial means of PDSI."
The dry spells method
The new method for estimation of dry spells (DS) is based on the average daily temperature and precipitation for a specific location, and takes into account the length of a dry spell. A dry spell is characterized by three parameters: minimum average daily temperature T av min , maximum average daily precipitation P av max , and minimum number of days in the period with such characteristics, N min . For example, the dry spell (N min = 30; T av min = 25; P av max = 0.7) is at least 30 days long and has T av ≥ 25 and P av ≤ 0.7 in the period. The program for calculation of dry spells requires daily average temperature and daily precipitation for a number of years, and these three parameters as input. Firstly, it finds all dry spells with the given (N min ; T av min ; P av max ). It is possible that two or more dry spells overlap. At the second step, the program analyses the overlapping spells and joins them together. Thus, the parameters T av and P av would be corrected, giving a slightly lower T av and a slightly higher P av compared to T av min and P av max in the combined period. At the third step, the program calculates the total number of days belonging to dry spells in a year, NDDS.
If analysis of annual trends in dry spells is of interest, the last step is to calculate a virtual number of dry spells in a year by dividing NDDS by N min and taking only an integer, so that with N min = 30 the total number of days belonging to dry spells, NDDS = 94, would result in three dry spells, NDDS = 110 would also result in three dry spells, and NDDS = 122 would result in four. The suggested dry spells index can be classified as meteorological index.
Trend analysis
Trend analysis of the obtained time series was performed using the following functions from the R software for statistical data analysis:
• the linear models lm(formula) for fitting linear regression models with normal error distribution; • the generalized linear models in the form glm(formula, family) and glm.nb(formula) for fitting regression models with non-normal error distribution, where glm.nb() includes estimation of the additional parameter theta for a negative binomial model; and • the generalized least squares gls (model, correlation) ; where formula is a symbolic description of the linear trend to be fit, family is a description of the error distribution, model is a two-sided linear formula describing the model, and correlation is a term describing the within-group correlation structure. These three methods were needed, as in one case the linear regression with normal error distribution was appropriate, while other cases (with non-normal error distribution and with autocorrelation) required more sophisticated approaches.
The gls() function fits linear regression models with a variety of correlated errors and nonconstant error variance structures using generalized least squares. The errors are allowed to be correlated and/or have unequal variances. We can assume that the process generating the regression errors is stationary, i.e. all errors have the same expectation and the same variance, and the covariance of two errors depends only upon their separation in time. There are several standard models for stationary time series. The most common for autocorrelated regression is the first-order autoregressive process, AR(1):
where ε t is error at step t, ϕ is the correlation coefficient, and υ t is assumed to be Gaussian white noise. The higher-order autoregressive models are a direct generalization of the first-order model. So, the second-order autoregressive model AR(2) is:
where ϕ 1 and ϕ 2 are the correlation coefficients.
APPLICATION FOR THE ELBE BASIN AND RESULTS
The analysis was performed in several steps. First, the dry spells were calculated for all meteorological stations in the basin (six of them with longer time series), and trend analysis was performed for the resulting time series. After that, dry spells were compared with SPI and PDSI time series (calculated with different time steps) for selected stations. Then, SPI for summer months July and August (corresponding to three previous months) and average annual PDSI were calculated and analysed for trends for 180 stations in the central lowland part of the basin, where DS showed significant trend. Finally, the levels of significance for all three methods were compared for these 180 stations.
Calculation of dry spells
The DS method was applied for the Elbe River basin using available meteorological data: (a) long time series (more than a century) for six stations: Potsdam, 1883 Potsdam, -2003 Jena, 1827 Jena, -2003 Hamburg, 1891 Hamburg, -2003 Halle, 1901 Halle, -2003 Schwerin, 1901 Schwerin, -2003 Prague, 1775 Prague, -1990 (shown as negative), which means at least 30-or at least 20-day long spells with minimum 20°C mean daily temperature and maximum 1 mm/d mean daily precipitation. The NDDS with parameters (20;20;1) is obviously higher than or equal to that with parameters (30;20;1). The corresponding virtual numbers of dry spells, assuming N min = 20 for the same station, are shown as crosses in Fig. 1 (lower graph) . The visual impression from this figure is that dry spells have an increasing tendency. Therefore, the analysis of trends for this and all other stations in the basin was performed at the next step.
Trend analysis of dry spells
The trend analysis was performed for virtual numbers of dry spells for all stations in the Elbe basin calculated with parameters (20;20;1). These parameters were chosen because a period of 20 days without effective precipitation (max 1 mm/d) during an intensive vegetation period (average daily temperature higher than 20°C) can be considered as a threat for vegetation in the Elbe region, and will in most cases result in water stress conditions. According to model simulations and estimations using the Turc-Ivanov method (Hattermann et al., 2004; Wechsung et al., 2005) , potential evapotranspiration in the region would be about 5-6 mm/d in this period with temperature higher than 20°C, which is much higher than 1 mm of precipitation.
The calculated time series for annual number of dry spells represent count data with many zeros. The most commonly used statistical model for the count data is a standard Poisson regression. The Poisson distribution is a discrete probability distribution, which expresses the probability of a number of events occurring in a fixed period of time if these events occur with a known average rate, and are independent of the time since the last event. The mean of a Poissondistributed random variable is equal to its variance.
In our case the mean and variance for all stations are not equal: the mean of all 450 stations is 0.38, and the variance is 0.47. There is even a strong linear relationship between the mean and variance: mean = 0.517 × variance + 0.072 with r 2 = 0.95 indicating overdispersion in the data. The possible options for dealing with overdispersion in data are either to assume the quasi-Poisson distribution (Crawley, 2002) , or to use the negative binomial distribution (Potts & Elith, 2006) instead of the Poisson one. The negative binomial distribution is also a discrete probability distribution. It arises as a continuous mixture of Poisson distributions, where the mixing distribution of the Poisson rate is a gamma distribution. Therefore, the negative binomial distribution is also known as the gammaPoisson (mixture) distribution. The negative binomial distribution can be used as an alternative to the Poisson distribution. It is especially useful for discrete data, when the sample variance exceeds the sample mean. In such a case, the observations are overdispersed with respect to the Poisson model. Since the negative binomial distribution has one more parameter than the Poisson, the second parameter can be used to adjust the variance independently of the mean.
Firstly, the χ 2 test was performed for the long time series of Potsdam station, and then for all other stations. We tested both distributions: the Poisson and the negative binomial. For the Potsdam station we had to reject the null hypothesis (H 0 : the distribution is valid) for the Poisson distribution (p = 1.71 × 10 -13 ), but could not reject H 0 for the negative binomial distribution (p = 0.8). Checking the Poisson distribution for all stations with shorter time series, we had to reject H 0 in 75.8% of cases (probably due to the overdispersion problem). However, the null hypothesis for the negative binomial distribution could not be rejected in 93.5% of cases, and it failed only in 6.5% of cases (with p < 0.05). This confirms that the negative binomial distribution is more suitable in our case. Alongside the negative binomial distribution, the quasi-Poisson distribution was also used for the trend analysis, and results obtained with both distributions were compared.
As the next step, the function glm.nb() from the MASS library (Venables & Ripley, 2002 ) was used to evaluate trends assuming the negative binomial distribution, and the standard glm() function with the family=quasipoisson was used to evaluate trends assuming the quasi-Poisson distribution.
The lower graph in Fig. 1 includes the trend lines and significance levels for the Potsdam station. The trend is strongly significant (p < 0.001) for both distributions, and the trend lines are very close.
Trends for all 450 stations were calculated with the same functions, and the significance levels were classified into four categories: p < 0.1, p < 0.05, p < 0.01 and p < 0.001. Trend for stations with p > 0.1 was considered as not significant. The map in Fig. 2 shows the significance of DS trends for 450 stations in the basin for the quasi-Poisson method (Fig 10(a) shows the interpolated map for the negative binomial method). In general, all stations showed a positive trend except those without any dry spell periods (14 stations). The positive trend was found statistically significant at the 5% level (p < 0.05) for 262 of the 450 stations using the quasi-Poisson method, and for 250 using the negative binomial method. It was not significant at the 5% level for most of the stations in the Czech part of the basin (the southeastern part with a low density of stations), for mountainous areas of the German part, and for about half of stations in the northwestern part of the basin (river mouth). The trend was significant for most of the stations in the central lowland part of the basin. Some stations in the middle part of the lowland showed very significant trend with p < 0.01 and p < 0.001. The maps for negative binomial and quasi-Poisson distributions are very similar, but not identical.
Some examples of the calculated significant trends for the selected five stations with shorter time series from 1950 to 2003 are presented in Fig. 3 . The patterns of DS are quite different for these stations. Again, the trend lines for both distributions are very close. The significance levels for the negative binomial distribution are a little higher. 
Comparison of DS and PDSI indices
Next, time series of the total number of days belonging to dry spells in a year (NDDS) were graphically compared with time series of annual SPI and average annual PDSI for selected stations. No visible conformity of NDDS with SPI was found. However, the comparison of NDDS and PDSI showed a certain agreement. Figure 4 shows a comparison of NDDS and average annual PDSI for Potsdam for the whole investigation period . The NDDS values were calculated with parameters (30;20;1) (upper graph), and (20;20;1) (lower graph), and are shown as negative for easier comparison. One can see that, in most cases, the periods with PDSI < 2 coincide well with years having long dry spells, while those with NDDS = 0 correspond to PDSI higher than -1 (i.e. no drought years). The difference between NDDS calculated with different parameters is visible: e.g. in the long dry period 1944-1953 according to PDSI there are only two years with dry spells (30;20;1) and seven years with dry spells (20;20;1). Also, it is visible that a dry spell in one year can influence average annual PDSI in the subsequent year.
SPI trends
At the next step, the standardized precipitation indices were calculated and analysed for trends for 180 stations in the central lowland part of the basin, where DS showed significant trend. The SPI was calculated with the following time steps: 3, 6, 12 and 24 months. For comparison with the dry spells (N min = 20; T av min = 20; P av max = 1.0) the SPI for summer months was of most interest. After a preliminary analysis, the SPI values for July (evaluating precipitation from May to July) and SPI for August (June-August) were taken for the trend analysis, and the corresponding time series SPI-7 and SPI-8 were compiled for 180 stations for the period 1951-2003. The linear model lm() in R software was used for fitting the linear regression with normal error distribution, as SPI time series are normally distributed.
Significant trends in SPI-7 and SPI-8 were revealed for some stations, but the level of significance was notably lower than that for the dry spells. Therefore, an additional significance category with 0.05 ≤ p < 0.1 (at 10% level) was introduced for presentation of SPI results on the maps, which was also used in other maps for conformity. A significant trend in SPI-7 was revealed for 72 stations out of 180 at the 10% level, and for 39 stations at the 5% level (interpolated map on Fig. 10(b) ). For SPI-8 the level of significance was lower: 55 stations at the 10% level, and 29 at the 5% level (Fig. 5) . Some examples of significant trends in SPI-7 and SPI-8 for selected stations are depicted in Fig. 6. 
PDSI trends
The Palmer drought severity index was calculated and analysed for trends for the same 180 stations as SPI in the central lowland part of the basin. In addition to meteorological data, data on available water capacity (AWC) of soils were used. For that, an overlay of the soil map BÜK-1000 with a resolution of 1:1 000 000 and the map of climate stations was done, and a specific AWC for every station was estimated just from the location of the station on the soil map.
The monthly PDSI values were calculated for 180 stations for the period 1951-2003, and the average annual PDSI values were used for the trend analysis. In this case a simple linear regression cannot be used, as the Palmer index is a hydrological index, taking into account soil moisture, and PDSI for a subsequent month is dependent on PDSI of the current and previous months. As a consequence, the errors from a regression model are unlikely to be independent.
Therefore, the autocorrelation of the time series obtained was analysed in advance. Two lower graphs in Fig. 7 show autocorrelation function (ACF) and partial autocorrelation function (PACF) for the residuals from the ordinary least-squares regression of the average annual PDSI for the Potsdam station . The broken horizontal lines correspond to the 95% confidence limit. The ACF graph shows a strong autocorrelation at a lag of 1 year, and the PACF graph shows strong autocorrelation at 1-and 2-year lags. This indicates an autoregressive model of the second order.
Therefore, two trend detection methods were used to take autocorrelation into account. One method was gls() function with autoregressive order two (AR-2), as analysis of ACF and PACF for most of the stations led to this conclusion. The second method was gls() with an automatic Fig. 9 Examples of significant trends in average annual PDSI for selected stations with an exemplary autocorrelation plots for station 16011. calculation of the autoregressive order using the R function ar(). As one can see, the calculated trend for Potsdam (upper graph in Fig. 7 ) is significant (p = 0.026).
Similar results for the autoregressive order as for the Potsdam station were obtained for other stations with shorter time series. In several rare cases, third year autocorrelation was also significant. The significant trends in PDSI using AR-2 or automatic calculation of the autoregressive order were revealed for more than 50% of the investigated stations at 10% significance level. In general, the level of significance was higher than for SPI-7 and SPI-8, but lower than for the DS. Here, an additional significance category with 0.05 ≤ p < 0.1 (at the 10% level) was also used for the maps. The significant trend in PDSI using automatic calculation of the autoregressive order was revealed for 104 of 180 stations at the 10% level, and for 74 stations at the 5% level (Fig. 8) . When AR-2 was used, the level of significance was slightly lower: 97 stations at the 10% level, and 67 stations at the 5% level (interpolated map in Fig. 10(c) ). Some examples of trends in PDSI for selected stations with exemplary autocorrelation plots for station 16011 are depicted in Fig. 9 .
Comparison of three methods
The interpolated maps for the three methods (Fig. 10) allow comparison of the results produced by the different approaches. The interpolation was done using the inverse distance method. The SPI shows significant trend in the narrow north-south band in the lowland part of the basin. The Palmer index extends this band to a larger area in the lowland, but does not include the loess region (southern and southwestern parts) with the higher AWC values. The dry spells calculated with the new method show significant trends in the whole lowland part of the basin, and at the 10% level almost everywhere in the German part of the basin, excluding green spots in mountains (south of the German part of the basin) and close to the river mouth. In the Czech part of the basin, only one yellow spot in the eastern part shows significant trend in DS. Though the station density in the Czech Republic is notably lower, stations are more or less evenly distributed, and it seems that a higher density would not change the results. To the authors' knowledge, there are no differences in data processing between the German and the Czech meteorological services which may lead to misinterpretations.
The results for the six stations with long time series are comparable to those for 450 stations with a shorter observation period of 53 years, and are illustrated in Figs 1, 4 and 7 for the Potsdam station.
Finally, the levels of significance for all three methods were compared graphically for the 180 stations. Figure 11 (a) depicts highly correlated significance levels of P for dry spells calculated using quasi-Poisson and negative binomial distribution. Figures 11(b) and (c) allow comparison of levels of significance for DS (negative binomial method) with those of PDSI (automatic calculation of the autoregressive order) and SPI for August. One can see that the area with P:DS ≤ 0.01 and P:PDSI ≤ 0.2 in Fig. 11(b) includes the majority of points (58%), and the area with P:DS ≤ 0.01 and P:SPI-8 ≤ 0.2 includes almost a half of them (46%). If one restricts P:DS by 0.05, the respective areas will include 73 and 55% of points. Figure 11 (d) compares levels of significance of PDSI (automatic calculation of the autoregressive order) and SPI-7: there is only a weak correlation between them.
DISCUSSION AND CONCLUSIONS
Most scientists today agree that humankind is witnessing a change in global climate (IPCC, 2007) . The global mean surface temperature has been persistently increasing over recent decades, and this trend will continue. A general pattern is that the observed higher temperatures will stimulate the global hydrological cycle, as more evapotranspiration will lead to more water vapour in the atmosphere and to more precipitation. On the other hand, precipitation has a higher regional variability compared to temperature, as it depends on regional circulation patterns and local orography. Besides, it is important to understand that even relatively small changes in precipitation can significantly influence water resources availability due to the nonlinearity of the response (relatively small changes in precipitation and temperature may result in significant changes in groundwater recharge and river discharge). Therefore, water and land-use management would benefit from having a methodology which can be used for detecting flood and drought frequencies. Three methods were compared in this study: two of them-the standardized precipitation index and the Palmer drought severity index-can be considered as standard methods which are widely used and have proven their applicability. The third method for detecting dry spells (DS) has been developed within this study to detect dry spells, which are understood to be periods of a certain number of consecutive days having a certain minimum average daily temperature and maximum average daily precipitation. The dry spells with parameters (20;20;1) show significant trends in the whole lowland part of the Elbe basin during the last 53 years, and at the 10% level almost everywhere in the German part of the basin excluding the mountains and the area around the river mouth. The standardized precipitation index shows significant trend only in the narrow north-south band in the lowlands of the basin, and the Palmer index extends this band to a larger area in the lowlands. The results show that the "sensitivities" of all three methods are different, and all three methods agree only in the narrow north-south band in the lowlands. These differences are quite natural, and can be explained taking into account conceptualization of the methods. The new DS method is simple to apply, and it has proven to be useful for the detection of drought frequency. It provides a useful supplement to other drought indices. The results also show that the new DS method is able to detect statistically significant trends in areas where the other two methods fail to find significant trends, e.g. in the loess region in the southwest of the German part of the basin where small insignificant changes in climate can lead to significant changes in water fluxes. This is important in our case, because the loess region is the area within the basin having the highest crop yields. So, the two standard SPI and PDSI methods may be rather insensitive for detecting trends in climate that are already leading to notable changes in the water balance in some areas of the study region. Therefore, additional research is needed on the possible impacts of detected trends on water resources availability, and possible future trends in drought frequency under climate change.
